ABSTRACT: Dihydroxylammonium 5,5′-bistetrazole-1,1′-diolate (TKX-50) is a recently synthesized energetic material (EM) with most promising performance, including high energy content, high density, low sensitivity, and low toxicity. TKX-50 forms an ionic crystal in which the unit cell contains two bistetrazole dianions {c-((NO)N 3 C)- (NO) ], formal charge of −2} and four hydroxylammonium (NH 3 OH) + cations (formal charge of +1). We report here quantum mechanics (QM)-based reaction studies to determine the atomistic reaction mechanisms for the initial decompositions of this system. First we carried out molecular dynamics simulations on the periodic TKX-50 crystal using forces from density functional based tight binding calculations (DFTB-MD), which finds that the chemistry is initiated by proton transfer from the cation to the dianion. Continuous heating of this periodic system leads eventually to dissociation of the protonated or diprotonated bistetrazole to release N 2 and N 2 O. To refine the mechanisms observed in the periodic DFTB-MD, we carried out finite cluster quantum mechanics studies (B3LYP) for the unimolecular decomposition of the bistetrazole. We find that for the bistetrazole dianion, the reaction barrier for release of N 2 is 45.1 kcal/mol, while release of N 2 O is 72.2 kcal/mol. However, transferring one proton to the bistetrazole dianion decreases the reaction barriers to 37.2 kcal/mol for N 2 release and 59.5 kcal/mol for N 2 O release. Thus, we predict that the initial decompositions in TKX-50 lead to N 2 release, which in turn provides the energy to drive further decompositions. On the basis of this mechanism, we suggest changes to make the system less sensitive while retaining the large energy release. This may help improve the synthesis strategy of developing high nitrogen explosives with further improved performance.
INTRODUCTION
Energetic materials (EM) such as pentaerythritol tetranitrate (PETN), 2,4,6-trinitro-toluene (TNT), 1,3,5-trinitro-1,3,5-triazinane (RDX), and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX) are in extensive use for such civilian applications as mining, building, fire extinguishing systems, and military applications because of fast energy release during decomposition, deflagration, and detonation. 1, 2 However, EM with increased energy content are needed that have decreased sensitivity toward external stimuli of heating, friction, and impact. 3 Many efforts are ongoing to design and synthesize new explosives with improved performance. 4−7 Particularly promising candidacies among the new EMs are nitrogen-rich heterocycles (with several nitrogen atoms linked together into a ring) which lead to superior energy release compared to traditional EMs.
The recently synthesized dihydroxylammonium 5,5′-bistetrazole-1,1′-diolate (TKX-50) is an azole-based high energy density material (HEDM) with promising performance because of high exothermicity, high density, and insensitivity toward external stimuli. 8 In addition, it is relatively easy to synthesize with components of low toxicity, making it a promising candidate for a new generation of green EMs. Figure 1 shows the crystal structure of TKX-50 (P 21 /c space group), with a unit cell consisting of two bistetrazole anions (formal charge of −2) and four hydroxylammonium (NH 3 OH) + cations (formal charge of +1). Although many properties have been studied, 8 the decomposition reaction mechanism of TKX-50 remains Figure 1 . Crystal structure of dihydroxylammonium 5,5′-bistetrazole-1,1′-diolate (TKX-50). 8 The unit cell contains four hydroxylammonium (NH 3 OH) + and two diolate (C 2 O 2 N 8 ) 2− moieties. The C, H, O, N are represented by brown, white, red, and gray balls, respectively. Panel (a) is the view from the a direction, and panel (b) is the view from the c direction.
unknown. In this paper we use quantum mechanics (QM) to predict the initial decomposition steps of TKX-50.
Controlling thermal decomposition of EMs during its storage and transportation is essential because initiating thermal decomposition presents a risk of huge energy release. Thus, it is important to understand the mechanisms of ignition, combustion, and sensitivity due to thermal fluctuations. This provides information useful for designing new EMs with improved stability. 9−12 Uncovering the complex chemical processes underlying initiation of decomposition is essential to build theoretical models to describe the combustion and detonation of TKX-50 and related azole-based HEDMs. Such studies also provide information for synthesizing and designing new energetic materials with improved performance.
The decomposition reaction mechanisms of many EMs have been examined using theoretical 13−21 and experimental methods. 11,12,22−26 For such nitro-based explosives as RDX and HMX, the initial reaction paths involve NO 2 dissociation or HONO elimination. 15, 16 In addition, intermolecular hydrogen transfer reaction is observed in such reactions as molten TNT and nitrobenzene. 17, 18 Moreover, for the colossally sensitive silapentaerythritol tetranitrate (Si-PETN), a novel carbon− oxygen rearrangement, was found to be induced by a transient five-coordinate Si. 19, 20 The initial chemical reactions might be affected by electronic excitation 13 and crystal morphology.
14 Experiments and density functional theory (DFT) calculations 22,23 also suggested that the conformational change of PETN under static and shock compression may play an important role in shock initiation.
To examine the chemical reactions of TKX-50 in the condensed phase, we carried out molecular dynamics simulations on the crystal using forces from periodic quantum mechanics (DFT tight binding, DFTB) to discover the initial reaction steps at high temperature. Then we used finite cluster quantum mechanics (B3LYP) to determine the reactions pathways, transition state geometries, and reaction barriers.
METHODOLOGY
2.1. DFTB Molecular Dynamics Simulation. To perform DFTB-MD simulations, we used the self-consistent charge density-functional tight binding (SCC-DFTB) method. 27 The SCC-DFTB method is based on a second-order expansion of the Kohn−Sham total energy in DFT with respect to charge density fluctuations. In order to accurately describe the longrange Coulomb interactions, the general tight binding method is extended using a self-consistent redistribution of Mulliken charges (SCC). These methods have been used to examine the chemical reactions of nitromethane and hydrazoic acid under high temperature and high pressures. 28−30 Our simulations were carried out using the DFTB+ 1.2.2 31 software with the 3ob-2-1 parameter set to describe the interactions of the C− H−O−N system. 32 The accuracy criteria for the charge calculation is 1 × 10 −5 e (maximum difference in any charge between two SCC cycles). The Lennard−Jones dispersion model was employed to correct the long-range dispersion interactions; with parameters from the universal force field (UFF). 33 We used a 2 × 1 × 2 periodic supercell that contains 8 anion and 16 cation molecules. Only the gamma point was sampled in the Brillouin zone.
We started with the experimental structure 8 and minimized it using conjugate gradients method. The optimized cell parameters at 0 K from DFTB are a = 5.413 Å, b = 11.586 Å, c = 6.625 Å, and β = 95.40°, compared with the X-ray values of a = 5.487 Å, b = 11.547 Å, c = 6.483 Å, and β = 95.402°at 100 K. 8 Thus, the predicted cell parameters from DFTB (0 K) agree well with the values from experiment (100 K). Since the changes in experimental cell parameters 8 between 100 and 298 K are within 1.8%, we expect the corrections from 100 to 0 K to be small. The maximum deviation of bond lengths, bond angles, and torsion angles are 0.045 Å, 2.1°, and 1.3°, respectively. Then we carried out DFTB-MD at 300 K using the NVT ensemble (constant temperature, constant volume, and constant number of atoms) for 500 fs (time step of 0.25 fs) to equilibrate the structure. Finally we carried out DFTB-MD temperature-programmed cook-off simulations with the temperature increasing continuously from 300 to 3000 K at a heating rate of 180 K/ps (total run time 15 ps).
To be practical, these QM-based cook-off simulations use quite high heating rates, which might lead to unphysical reactions. To examine the reactions at a reduced temperature, we carried out a second simulation starting from the configuration at room temperature. Then we increased it to 1750 K very fast (within 0.5 ps) and carried out a NVT simulation at a fixed temperature of 1750 K for 20 ps. Here we used the Berendsen thermostat (40 fs damping constant) in MD simulations, and the temperature for the electron filling was always set to the simulation temperature.
To analyze the fragments in the DFTB-MD simulations, we determined the atomic connectivity using bond distance cutoffs with a time window of 0.25 ps to avoid miscounting short-term fluctuations in the bonds above the cutoff but which do not actually break (or form) a bond. These bond distance cutoffs are listed in the Table S1 of Supporting Information (SI).
2.2. Finite Cluster QM Calculation. To examine the reaction mechanism in more detail, we extracted from the periodic DFTB-MD studies the reaction pathways and carried out the finite cluster QM calculation using the B3LYP functional with the 6-311++G(d,p) basis set as implemented in Jaguar. 34 This choice best reproduces the high quality CCSD(T)/6-311++G(d,p) results for two smaller N-rich model compounds, tetrazole and 1-hydroxy-5-H-tetrazole, but with much less computational cost, as shown in Tables S2 and  S3 , Figures S1 and S2 of SI. To model the electrostatic interaction between the explicit molecules in the finite QM with the polar environment that the negatively charged TKX-50 sees due to the hydroxylammonium cations in the crystal, we applied the Poisson−Boltzmann solvation model 35 (implicit solvent) using a dielectric constant of 77.74 and a spherical cavity of radius 2.21 Å for NH 2 OH, the conjugate base of hydroxylammonium. The transition states were validated to have exactly one negative eigenvalue of the Hessian. We then followed the minimum energy path to identify and connect to reactant and product. Thermodynamic properties were evaluated at 298.15 K and 1 atm. All barriers reported in this paper, if not specified, are enthalpic barriers. Figure 2d . These products indicate that the (C(NO)N 3 ) ring has broken. We consider these ring breaking reactions as the most important in the initial reactions of TKX-50 because they lead to energy release to provide the starting point of subsequent decomposition reactions. As the temperature continues increasing above 1900 K with a pressure of 1.68 GPa, we observe the secondary products H 2 O and NH 3 as shown in Figure 2c , indicating the decomposition and recombination of hydroxylammonium (NH 3 OH) + . Figure 3 shows the fragment analysis during 20 ps NVT simulation at 1750 K along with the potential energy curve. The initial reaction (starting at 0.2 ps and pressure of 0.01 GPa) is still the proton transfer. Then H 2 O and NH 3 appear from the decomposition of the neutralized cations (NH 2 OH). This reaction occurs earlier than the ring breaking process (in the cook-off simulation, it happened after ring breaking). At about 2.5 ps and a pressure of 1.39 GPa, N 2 appears, indicating that a ring has broken. At this point the potential energy begins to decrease, since N 2 release is exothermic. This is important because this energy release may induce other reactions. Most of the N 2 O comes from further decomposition of the ring after releasing N 2 . The other fragments appearing in this simulation are shown in Figure S3 of SI.
The main reactions are summarized in Table 1 . We observed that one or two protons always attaches to the ring before its decomposition. This indicates that proton transfer catalyzes the ring breaking reactions. It is especially interesting that N 2 appears earlier than N 2 O in the fixed temperature simulation, in contrast to our cook-off simulations. On the basis of transition state theory, the reaction rate depends on the activation energy, the temperature, and the pre-exponential factor. The cook-off simulation with its extremely fast heating rate may lead to modified kinetics, so we consider fixed temperature simulation to be more reliable in deducing the initial reactions. For fixed temperature simulations, N 2 release occurred first, indicating an activation energy barrier lower than for N 2 O release. We will examine these reaction barriers in the next section to determine the correct reaction sequence in the ring breaking processes.
3.2. Reaction Mechanism from Finite Cluster QM Calculation. For many ionic solids, the barrier for proton transfer is less than 10 kcal/mol, 36 much lower than for the normal initial reaction in the EMs, >35 kcal/mol. This is 1− after the proton has already transferred from the hydroxylammonium to one of the four different basic sites of TKX-50 dianion.
Starting with dianionic TKX-50 shown in Figure 4 , the easiest reaction path to open the five-member ring is to break the N1−N2 bond via TS1 to form an azide intermediate Int1, which we find to have a barrier of 38.6 kcal/mol. However, the decomposition of this azide intermediate has a high barrier (56.6 kcal/mol) to produce N 2 . Instead N 2 production can be obtained via a concerted reaction (TS3) with only 45.1 kcal/ mol barrier, rendering it the easiest path to break the fivemember ring of TKX-50.
To generate N 2 O, the five-member ring first breaks the N2− N3 bond via TS4 (51.6 kcal/mol) to give a diazo intermediate Int3 from which the N 2 O dissociates via TS6 with a considerable barrier (72.2 kcal/mol). It is also possible to dissociate N 2 from Int3. However, the barrier (51.7 kcal/mol) is higher than the reaction path via TS3 with only 45.1 kcal/ mol barrier.
To examine how proton transfer affects the decomposition of TKX-50, we placed a proton on the four different basic sites of the five-member ring, leading to four prototropic tautomers: Int6, Int10, Int13 and Int17, as shown in Figure 5 . The easiest fragmentation pathway to give N 2 starts with Int10, where the proton is transferred to O, followed by a step in which two N− N bonds break simultaneously (TS12, 37.2 kcal/mol) to Int12. The other concerted reaction pathway starting from Int13 via TS16 to Int16 also has a similar barrier height of 39.2 kcal/mol, but with much higher exothermicity of 14.7 kcal/mol. Since the N 2 release reaction occurs after proton has transferred, this reaction could be considered as a two-step reaction. Thus, the reaction barriers are 29.8 kcal/mol through TS12 to Int12 and 35.0 kcal/mol through TS16 to Int16 where we reference to the one-proton-attached structures. These two pathways have barrier heights 6−8 kcal/mol lower than the case of dianionic TKX-50, indicating that proton transfer reaction facilitates the decomposition of TKX-50.
For the N 2 O product, the easiest fragmentation pathway starts with Int13, followed by a concerted two N−N bondbreaking step (TS13, 59.5 kcal/mol) to Int14. Compared with the dianionic TKX-50, the barrier height is 12.7 kcal/mol lower if assisted by the proton transfer. Note that all proton transfer events from hydroxylammonium to TKX-50 dianion are enthalpically uphill, which increases the barrier for reactions via TS9 and TS14 compared with TS1. This indicates that not all reactions are assisted by proton transfer. However, the reaction pathways responsible for N 2 and N 2 O production have lower barriers in the monanionic case even with the extra enthalpic cost to transfer the proton. This supports our results from DFTB-MD that proton transfer catalyzes decomposition of the N-rich ring.
The initial reaction of TKX-50 involves ring breaking to release N 2 rather than release of N 2 O because breaking the CN bond is necessary for N 2 O release, while releasing N 2 requires only breaking the weaker NN bond. Also the N 2 release reaction through TS16 to Int16 is exothermic, whereas N 2 O release reactions are endothermic, leading to accelerating subsequent release of N 2 from other TKX-50 molecules.
In DFTB-MD simulations, we also observed the N 2 releasing reaction after two protons attached to two N4 sites of the double ring. The calculated decomposition reaction pathway is shown in Figure 6 . Using the same reference state, we find a reaction barrier is 51.5 kcal/mol with an release energy of 5.2 kcal/mol. However, taking H 2 O 2 C 2 N 8 as the reference structure, the reaction barrier is decreased to 36.3 kcal/mol, which is very similar to the N 2 release reaction through TS16 (35.0 kcal/mol) to Int16 for the one proton case. This indicates that adding the second proton to the ring does not change the rate of N 2 release.
Developing the azole-based, nitrogen-rich heterocycles compounds is essential for the next generation explosives because they are highly endothermic with high densities and low sensitivities toward outer stimuli and are easily synthesized with little environmental impact. TKX-50 is one of these promising compounds. Our finding that the proton transfer reaction precedes the reactions of the bistetrazole, with its effects on decreasing the reaction barriers for breaking ring might also be important in other similar explosives.
CONCLUSIONS
Summarizing, we examined the initial chemical reactions of the newly synthesized explosive TKX-50 by combining DFTB-MD periodic simulations to discover the feasibility of proton transfer with a low barrier with finite cluster quantum calculations to obtain more accurate barriers. Key points from the simulations are
• The proton transfer happens at a much low temperature than the ring breaking reaction.
• The initial reaction involves ring breaking to release N 2 rather than ring breaking to release N 2 O.
• The proton transfer decreases the reaction barrier for both releases of N 2 and N 2 O by ∼10 kcal/mol. These simulations suggest that the strategy to design less sensitive azole-based HEDMs is to prevent the proton transfer between the cation and anion. This can be achieved replacing the cation with a stronger base, for example, NH 4 + , N 2 H 5 + , and H(CH 2 ) 2 NH 3 + . On the basis of their pK a values of 9.24, 7.99, and 10.64 relative to 5.98 for (NH 3 OH) + , 37 we estimate that the temperature for proton transfer in our simulations might have increased to 511, 504, and 518 K, respectively, compared to 491 K for (NH 3 OH) + . Of course, the sensitivity of explosives is also related to other factors such as steric hindrance, defects, solvent entrainment, and grain boundaries that must also be examined for new explosives. Tables of bond type and bond cutoff for the fragment analysis, the electronic energies of decomposition reactions species for tetrazole and 1-hydroxy-5-H-tetrazole using various ab initial methods. It also includes figures showing decomposition reaction mechanisms of tetrazole and 1-hydroxy-5-H-tetrazole, and the fragments observed during the NVT simulations at 1750 K besides those in Figure 3 . This material is available free of charge via the Internet at http://pubs.acs.org.
